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Glutathione is an abundant, low-molecular-weight tripeptide whose biological importance is dependent
upon its redox-active free sulphydryl moiety. Its role as the main determinant of thiol-redox control has
been challenged such that it has been proposed to play a crucial role in iron–sulphur clusters maturation,
and only a minor role in thiol redox regulation, predominantly as a back-up system for the cytoplasmic
thioredoxin system. Here, we have tested the importance of mitochondrial glutathione in thiol-redox
regulation. Glutathione reductase (Glr1) is an oxidoreductase which converts oxidized glutathione to its
reduced form. Yeast Glr1 localizes to both the cytosol and mitochondria and we have used a Glr1M1L
mutant that is constitutively localized to the cytosol to test the requirement for mitochondrial Glr1. We
show that the loss of mitochondrial Glr1 speciﬁcally accounts for oxidant sensitivity of a glr1 mutant.
Loss of mitochondrial Glr1 does not inﬂuence iron–sulphur cluster maturation and we have used tar-
geted roGFP2 ﬂuorescent probes to show that oxidant sensitivity is linked to an altered redox environ-
ment. Our data indicate mitochondrial glutathione is crucial for mitochondrial thiol-redox regulation,
and the mitochondrial thioredoxin system provides a back-up system, but cannot bear the redox load of
the mitochondria on its own.
& 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Glutathione (GSH) is an abundant, ubiquitous low-molecular-
weight tripeptide (γ-glutamylcysteinylglycine) whose biological
importance is dependent upon its redox-active free sulphydryl
moiety. It is an essential metabolite in eukaryotes, and for ex-
ample, mice deﬁcient in glutathione biosynthesis die rapidly [1].
Similarly, drug-induced glutathione depletion results in many
tissue pathologies including haemolysis and defective brain func-
tion, cataract formation and oxidative damage to renal, hepatic
and brain tissues [2]. Glutathione is synthesized in the cytosol of
eukaryotic cells via two conserved, ATP-dependent steps, and is
present intracellularly at concentrations up to 10 mM [3]. Its low
redox potential (240 mV) explains why it has long been con-
sidered the major cellular redox buffer and the redox state of ther Inc. This is an open access article
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. Grant).GSSG:2GSH redox couple is often taken as an indicator of the
cellular redox environment [4]. However, this view of glutathione
as the main determinant of thiol-redox control is increasingly
being challenged, such that glutathione has been proposed to play
only a minor role in thiol redox regulation, predominantly as a
back-up system for the cytoplasmic thioredoxin system [5].
Much progress has been made towards understanding the eu-
karyotic requirement for GSH using the yeast Saccharomyces cer-
evisiae as a model organism. Initial studies conﬁrmed that GSH is
an essential metabolite during normal non-stress conditions [6,7].
Mutants lacking GSH1, encoding the ﬁrst step in GSH biosynthesis,
are inviable, but viability can be maintained by the addition of
exogenous GSH. Importantly, gsh1 mutants undergo a limited
number of cell divisions in the absence of GSH during which they
utilize their pre-accumulated stores of GSH and hence the con-
sequences of GSH depletion can be readily followed [8,9]. Loss of
GSH results in sensitivity to oxidative stress conditions, however,
this requirement for GSH does not appear to depend on a role in
ROS detoxiﬁcation since the lethality of a gsh1 mutant cannot be
restored by growth under anaerobic conditions [9]. This raises the
question as to the essential requirement for GSH. GSH is known to
provide reducing power in dNTP synthesis with ribonucleotide
reductase, although this is primarily thought of as a minor role
compared with that of the thioredoxin system [10]. Mutants
lacking GSH1 also accumulate mitochondrial iron, which is aunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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tion of cytosolic iron–sulphur (Fe–S) proteins [11,12]. The ﬁnding
that glutathione depletion results in an iron-starvation response
and defects in cytosolic iron–sulphur proteins, without any ap-
parent impact on cytosolic or endoplasmic reticulum (ER) thiol-
redox control, was taken as evidence that the essential function of
GSH is linked to iron metabolism, rather than thiol regulation
[5,13].
The essential requirement for GSH, together with the pleio-
tropic phenotypes which are observed in mutants depleted of
GSH, particularly defects in iron metabolism, has meant that it has
been difﬁcult to deﬁne the role of GSH as an antioxidant. Whilst
gsh1 mutants depleted of GSH are sensitive to oxidants [6,14], it is
not clear what causes this sensitivity. In mammalian cells, glu-
tathione peroxidases (Gpx’s) are thought to provide antioxidant
activity. They do so by reducing a range of hydroperoxides to their
corresponding alcohols using reducing power provided by GSH
[15]. However, no equivalent Gpx enzymes have been described in
yeast and the yeast Gpx-like enzymes (Gpx1-3) depend on the
thioredoxin system for reduction [16–18]. One possibility is that
GSH is required as an antioxidant in an organelle such as the
mitochondria. This seems likely since mitochondria are a major
source of cellular ROS [19] and maintain separate redox environ-
ments to the cytosol [20]. However, it is not currently possible to
speciﬁcally deplete mitochondrial GSH, making it difﬁcult to de-
termine the mitochondrial requirement for GSH. In this current
study we have taken the approach of utilizing a mutant lacking
mitochondrial glutathione reductase, to examine the requirement
for GSH in mitochondrial thiol-redox regulation.
Glutathione reductase (Glr1) is an NADPH-dependent oxidor-
eductase which converts oxidized GSSG to reduced GSH using
reducing power generated by the pentose phosphate pathway.
Yeast Glr1 is not essential for normal aerobic growth, but is re-
quired for viability during exposure to oxidative stress conditions
[21]. Yeast Glr1 localizes to both the cytosol and mitochondria
[22]. This localization is controlled by alternative start site selec-
tion at two in-frame AUG codons, in a mechanism that appears to
be conserved for glutathione reductase in mammalian cells.
Translation from the ﬁrst AUG codon results in a long isoform
containing a mitochondrial targeting sequence, whereas, transla-
tion from the second AUG codon results in a cytosolic form lacking
the targeting sequence. This means that mutation of the ﬁrst AUG
codon (M1L mutant) results in an isoform of Glr1 which lacks the
mitochondrial targeting sequence and Glr1 constitutively localizes
to the cytosol [22]. We have used the Glr1M1L mutant to examine
the requirement for mitochondrial GSH. We show that it is the
mitochondrial form of Glr1, rather than the cytosolic form, which
is required for oxidative stress tolerance. Our data indicate that the
GSSG:2GSH redox couple plays an essential function as a mi-
tochondrial antioxidant, with the mitochondrial thioredoxin sys-
tem providing only a minor back-up role. Our ﬁndings indicate
that in contrast to its apparent minor role in cytoplasmic thiol-
redox control, glutathione plays an essential role in mitochondrial
thiol-redox regulation.2. Materials and methods
2.1. Yeast strains and plasmids
The S. cerevisiae strains used in this study were isogenic deri-
vatives of W303 (MATa ura3-52 leu2-3 leu2-112 trp1-1 ade2-1 his3-
11 can1-100). Strains deleted for the mitochondrial thioredoxin
(trx3::kanMX4), cytoplasmic thioredoxins (trx1::TRP1 trx2::URA3),
glutathione reductase (glr1::TRP1) and GSH1 (gsh1::LEU2) have
been described previously [23,24]. A mutant version of Glr1(Glr1M1L) was made in GLR1 with a C-terminal Flag tag contained
on plasmid pRS413 or pRS416. The FET3-lacZ reporter fusion has
been described previously [25].
2.2. Growth conditions
Strains were grown in rich YEPD medium (2% w/v glucose, 2%
w/v bactopeptone, 1% w/v yeast extract) or minimal SCD medium
(0.17% w/v yeast nitrogen base without amino acids, 5% w/v am-
monium sulphate, 2% w/v glucose supplemented with appropriate
amino acids and bases). For growth on non-fermentable carbon
sources, SGE and YEPGE contained 3% (v/v) glycerol and 1% (v/v)
ethanol. Media were solidiﬁed by the addition of 2% (w/v) agar.
Stress sensitivity was determined by growing cells to stationary
phase and spotting diluted cultures (OD600¼1.0, 0.1, 0.01 and
0.001) onto agar plates containing various concentrations of oxi-
dants. Chronological life span experiments were performed in li-
quid SCD media supplemented with a ﬁve-fold excess of uracil,
leucine, tryptophan, adenine and histidine to avoid any possible
artefacts arising from the auxotrophic deﬁciencies of the strains.
2.3. Redox measurements
The redox state of Trx3 was measured by covalent modiﬁcation
with the thiol-reactive probe 4-acetamido-4′maleimidyldy-
stilbene-2,2′-disulphonic acid (AMS; Molecular Probes) as de-
scribed previously [26]. Previously described, targeted redox-
responsive ﬂuorescent protein probes (roGFP2) were used to
quantify cytosolic and mitochondrial matrix redox potentials [27].
To obtain measurements of the fully oxidized (ox) and fully re-
duced (red) roGFP control probes, cells were treated with 20 mM
H2O2 or 100 mM DTT for 30 min, respectively. Ten thousand cells
were counted for each sample using a Becton Dickinson (BD)
LSRFortessa™ cell analyser and data were analysed using BD
FACSDiva 8.0.1 software. The degree of probe oxidation (OxD) was
calculated as described previously [28].
2.4. Mitochondrial fractionation and analysis
Cellular fractionation into cytoplasmic and mitochondrial
fractions was performed essentially as described by Gregg et al.
[29] with minor modiﬁcations. Yeast cells were collected by cen-
trifugation and frozen at 80 °C in 1.2 M sorbitol, 50 mM po-
tassium phosphate, pH 7.4. Cells were thawed immediately before
use and spheroplasted using 1 mg/g (wet weight) Zymolyase-100T
(MP Biomedicals, from Arthrobacter luteus) with gentle agitation at
room temperature for 30–60 min. Spheroplasting efﬁciency was
determined at regular intervals by measuring the OD600 of small
aliquots of cells in 1 ml of 0.6% (g/v) SDS. Cell homogenization was
achieved using a tissue grinder (glass/Teﬂon 2 ml, Safe-Grinds,
Wheaton). Protein concentrations were measured using a Nano-
Drop ND-8000 spectrophotometer. Cell fractionation was veriﬁed
by Western blot analysis using mitochondrial (αPrx1, αPor1) and
cytosolic (αPgk1) speciﬁc antibodies. Protein extracts were elec-
trophoresed under reducing conditions on SDS-PAGE minigels and
electroblotted onto PVDF membrane (Amersham Pharmacia Bio-
tech). Bound antibody was visualized by chemiluminescence (ECL,
Amersham Pharmacia Biotech). Lipid peroxidation in mitochon-
drial fractions was determined using an OxiSelect™ thiobarbituric
acid reactive substances assay Kit (TBARS) (Cell Biolabs, Inc.).
Methionine oxidation was detected using αMetO antibodies (No-
vus Biologicals).
2.5. β-Galactosidase assays
For the determination of β-galactosidase activity, transformants
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grown to early exponential phase and β-galactosidase activity is
expressed as nanomoles of o-nitrophenyl-β-D-galactopyranoside
(ONPG) hydrolyzed per minute per microgram of total protein (U).
Values shown are the means of at least three determinations. The
gsh1 mutant was grown in minimal SCD media in the presence or
absence of 1 mM GSH.
2.6. Chronological life span
Experiments were performed according to [31]. Brieﬂy, cells
were cultured in liquid SCD media (180 rpm, 30 °C) with aliquots
taken every 2–3 days for ﬂow cytometry analysis (501 nm ex-
citation, 586 nm/15 nm emission detection on Becton Dickinson
(BD) LSRFortessa™ cell analyser, BD FACSDiva 8.0.1 software) after
propidium iodide (PI) staining.
2.7. Statistical analysis
Data are presented as mean values7SD. Statistical analysis was
performed by one-way ANOVA and results were considered sta-
tistically signiﬁcant with a p-value less than 0.05.3. Results
3.1. A mutant lacking mitochondrial Glr1 is unable to maintain its
mitochondrial redox potential
To examine the mitochondrial requirement for Glr1, we con-
structed a mutant lacking its ﬁrst in-frame AUG codon (Glr1M1L).
The Glr1M1L mutant and wild-type Glr1 were expressed as the sole
copies of Glr1 in glr1mutant cells. Cells were fractionated and Glr1
detected using western blot analysis (Fig. 1A). This analysis con-
ﬁrmed that wild-type Glr1 localizes to both the cytoplasm and
mitochondria as previously described [22]. As expected, the
Glr1M1L mutant was detected in the cytoplasm, but not in mi-
tochondria (Fig. 1A). It should be noted that it is not possible to
construct a mutant where Glr1 is constitutively localized to mi-
tochondria [22]. Mutation of the second AUG codon (M17L) en-
riches mitochondrial Glr1, but signiﬁcant amounts of Glr1 are still
present in the cytoplasm, presumably due to overwhelming the
mitochondrial import system.
Previously described, targeted roGFP2 ﬂuorescent probes [27]
were used to quantify cytosolic and mitochondrial matrix redox
potentials in gl1 mutants. These sensors equilibrate with the local
glutathione pool and register thiol redox changes via disulphide
bond formation. We calculated the degree of oxidation (OxD) to
compare the redox potentials in different intracellular compart-
ments [28,32]. The cytosolic and mitochondrial matrix OxD values
were similar to previously reported values for a wild-type strainFig. 1. A Glr1M1L mutant is unable to maintain its mitochondrial redox potential.
(A) Conﬁrmation of Glr1 localization in glr1 mutant strains. A glr1 deletion strain
containing Flag-tagged Glr1 or Glr1M1L was grown in SCD media to exponential
phase and treated with 1 mM hydrogen peroxide for one hour. Cell lysates were
fractionated into cytosolic and mitochondrial fractions and Glr1 localization con-
ﬁrmed by immunoblotting using FLAG antibodies. Antibodies directed against Pgk1
were used as a cytoplasmic marker (c) and against Prx1 as a mitochondrial marker
(m). (B) Cytosolic and mitochondrial glutathione redox potentials were measured
using targeted roGFP2 ﬂuorescent probes. A glr1 deletion strain containing empty
vector, Glr1 or Glr1M1L was grown to exponential phase under fermentative (SCD
media) or respiratory (SGE media) growth conditions. The degree of sensor oxi-
dation (OxD) is shown with an OxD value¼1 for the fully oxidized probe and
OxD¼0 for the fully reduced probe. Data shown are the means of three in-
dependent biological repeat experiments7SD. n Indicates a signiﬁcant difference
from the corresponding cytoplasmic or mitochondrial wild-type (Glr1) values
(p¼o0.01).grown under fermentative conditions [28]. OxD values were sig-
niﬁcantly increased in both compartments in the glr1 mutant as
would be expected due to the lack of Glr1 (Fig. 1B, vector alone).
Introduction of the Glr1M1L mutant restored the cytosolic OxD
value to a similar level as for the wild-type (Fig. 1B). The mi-
tochondrial OxD value was partially restored, but still remained
signiﬁcantly oxidized compared to a strain expressing wild-type
Glr1. This was exacerbated under respiratory growth conditions
where the oxidation state of mitochondria in the Glr1M1L mutant
was comparable to that of a mutant completely lacking Glr1
Fig. 2. Mitochondrial glutathione is important for cell growth but does not affect iron metabolism. (A) The indicated strains were grown in YEPD media, washed to remove
any exogenous GSH, and spotted onto minimal SCD plates containing different concentrations of GSH. Cells were diluted to A600¼1.0, 0.1, 0.01 and 0.001. (B) Glutathione
deﬁciency causes an iron-starvation-like response. A FET3::LacZ reporter construct, which is induced by the Aft1 transcription factor in response to iron depletion, was used
to detect any alterations in iron homeostasis. FET3::LacZ activity was greater than 100-fold higher in a gsh1 mutant grown in the absence of GSH compared with growth in
the presence of exogenous glutathione (þGSH). npo0.01. (C) Loss of GLR1 does not cause an iron-starvation response. No signiﬁcant differences in FET3::LacZ activity were
detected in the glr1 deletion strain containing empty vector, Glr1 or Glr1M1L grown to exponential phase under fermentative (SCD media) or respiratory (SGE media) growth
conditions.
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cytosolic redox potential to that of a wild-type strain, but it is
unable to maintain its mitochondrial redox potential. We therefore
used this mutant to examine the cellular requirement for the
mitochondrial GSSG:2GSH redox couple.
3.2. The mitochondrial GSSG:2GSH redox couple is important for cell
growth but does not affect iron metabolism
We examined a mutant deleted for both GSH1 and GLR1 to test
whether mitochondrial Glr1 activity is important for maintaining
the growth of a gsh1mutant. A gsh1mutant which cannot make its
own GSH, requires exogenous GSH for growth and exhausts its
GSH supply when switched to minimal media lacking GSH [6].
Strains were initially grown in liquid cultures containing GSH,
before being extensively washed and plated on minimal media
plates containing various concentrations of GSH. No growth was
observed in the complete absence of GSH and the addition of 1 μM
GSH was sufﬁcient to restore the growth of all strains (Fig. 2A).
Ten-fold lower concentrations of GSH were sufﬁcient to maintain
the growth of a gsh1 glr1 mutant expressing wild-type Glr1, but
not a gsh1 mutant completely lacking Glr1 activity (Fig. 2A, gsh1
glr1 vector). These data indicate that the presence of Glr1 im-
proves the growth recovery of a gsh1mutant, presumably acting to
recycle limiting amounts of oxidized GSSG. The addition of 0.1 μM
GSH only partially restored the growth of the gsh1 glr1 mutant
strain containing the Glr1M1L mutant (Fig. 2A), conﬁrming the
particular importance of the mitochondrial GSSG:2GSH redox
couple for cell growth.The most prominent phenotype described for mutants de-
pleted of GSH is aberrant iron metabolism due to the requirement
for GSH in iron–sulphur cluster assembly [5,12,33]. The iron–sul-
phur cluster assembly machinery is located in the mitochondrial
matrix and is required for the maturation of both mitochondrial
and cytosolic iron–sulphur proteins [34]. Additional inter-
membrane space proteins and glutathione are speciﬁcally required
for the assembly of cytosolic iron–sulphur proteins [12]. It has
therefore long been known that cells depleted of GSH are defective
in extra-mitochondrial but not mitochondrial iron–sulphur cluster
maturation [12,33]. Defects in iron–sulphur cluster biogenesis
cause defects in iron homeostasis including an increase in mi-
tochondrial iron concentrations and a concomitant loss of cyto-
solic iron. We therefore examined whether the Glr1M1L mutant
displays an iron starvation response as a measure of any defect in
iron–sulphur cluster biosynthesis. Iron homeostasis in yeast is
regulated by the Aft1 transcription factor which activates its target
genes in response to low iron conditions [35]. When yeast cells are
depleted of GSH, they activate Aft1 which induces Aft1-target
genes such as FET3 [5,12]. We therefore used a FET3::LacZ reporter
assay as sensitive measure for any defects in iron homeostasis in
glutathione mutants. For comparison, we ﬁrst examined a gsh1
mutant grown in minimal media devoid of glutathione. FET3::LacZ
activity was greater than 100-fold higher in a gsh1 mutant grown
in the absence of GSH compared with growth in the presence of
exogenous glutathione (Fig. 2B). In contrast, complete loss of GLR1
or expression of the Glr1M1L mutant did not signiﬁcantly increase
FET3::LacZ activity under fermentative or respiratory conditions
compared with a wild-type strain (Fig. 2C). These data indicate
Fig. 3. Mutants lacking mitochondrial GLR1 are sensitive to oxidative stress conditions. (A) Sensitivity to oxidative stress was determined by spotting strains onto minimal
media containing various concentrations of hydrogen peroxide or diamide. Results are shown for the glr1 deletion strain containing empty vector, Glr1 or Glr1M1L following
three days growth on 1.2 mM hydrogen peroxide and 0.5 mM diamide. (B) Cytosolic and mitochondrial glutathione pools are oxidized in response to oxidative stress
conditions. A glr1 deletion strain containing empty vector, Glr1 or Glr1M1L was grown to exponential phase under fermentative (SCD media) growth conditions and treated
with the indicated concentrations of hydrogen peroxide for one hour. Cytosolic and mitochondrial glutathione redox potentials were measured using targeted roGFP2
ﬂuorescent probes. The degree of sensor oxidation (OxD) is shownwith an OxD value¼1 for the fully oxidized probe and OxD¼0 for the fully reduced probe. Data shown are
the means of three independent biological repeat experiments7SD. n Indicates a signiﬁcant difference from the corresponding cytoplasmic or mitochondrial wild-type
(Glr1) values (po0.01).
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redox couple to a more oxidized state does not cause an iron-
starvation response.
3.3. Mitochondrial Glr1 is required for oxidative stress tolerance
Mutants lacking GLR1 are sensitive to oxidative stress condi-
tions induced by exposure to hydrogen peroxide or the thiol oxi-
dant diamide [21,36]. We therefore examined whether the loss of
mitochondrial Glr1 in the Glr1M1L mutant inﬂuences oxidant
sensitivity. As expected, the glr1 mutant containing an empty
vector was sensitive to hydrogen peroxide compared with a glr1
mutant complemented with wild-type GLR1 (Fig. 3A). Un-
expectedly however, the Glr1M1L mutant showed a similar sensi-
tivity to hydrogen peroxide as the strain completely lacking GLR1.
This sensitivity was even more pronounced under respiratory
growth conditions (Fig. 3A). Similarly, the glr1 mutant containing
empty vector or Glr1M1L showed a comparable sensitivity to dia-
mide under both fermentative and respiratory growth conditions(Fig. 3A). These ﬁndings are surprising because the Glr1M1L strain
contains wild-type levels of cytoplasmic Glr1 and its cytoplasmic
redox potential is comparable to that of a wild-type strain. This
suggests that the loss of mitochondrial Glr1, and hence the ability
to maintain the mitochondrial GSSG:2GSH redox couple, speciﬁ-
cally accounts for the sensitivity of glr1 mutants to oxidative stress
conditions induced by the addition of an exogenous oxidant.
To examine whether the sensitivity of a Glr1M1L strain to oxi-
dative stress conditions correlates with the redox state of mi-
tochondria, we used targeted roGFP2 ﬂuorescent probes to ex-
amine changes in cellular redox potential during oxidative stress
conditions. The cytosolic roGFP2 probe was progressively oxidized
in the wild type strain in response to treatments with hydrogen
peroxide ranging between 0.5 and 10 mM for one hour (Fig. 3B). In
comparison, the cytosolic roGFP2 probe underwent an almost
identical pattern of oxidation in the Glr1M1L mutant strain
(Fig. 3B). These data indicate that cytosolic Glr1M1L is fully func-
tional and cytosolic glutathione is oxidized to a similar extent in
strains containing wild-type Glr1 or Glr1M1L. The mitochondrial
Fig. 4. Independent redox regulation of the mitochondrial glutathione and thior-
edoxin systems. (A) Cytosolic and mitochondrial glutathione redox potentials were
measured in mutant strains lacking cytoplasmic thioredoxins (trx1 trx2) or mi-
tochondrial thioredoxin (trx3). Strains were grown to exponential phase under
fermentative (SC media) or respiratory (SGE media) growth conditions. The degree
of sensor oxidation (OxD) is shown with an OxD value¼1 for the fully oxidized
probe and OxD¼0 for the fully reduced probe. Data shown are the means of three
independent biological repeat experiments7SD. Differences are indicated com-
pared with the corresponding cytoplasmic or mitochondrial wild-type values
(npo0.01, #p40.05). (B) Trx3 does not become oxidized in glr1 mutants. A glr1
deletion strain containing empty vector, Glr1 or Glr1M1L was grown to exponential
phase under fermentative (SCD media) or respiratory (SGE media) growth condi-
tions. Proteins were precipitated with TCA, and free thiols were modiﬁed by re-
action with AMS. Samples were separated using SDS-PAGE and mitochondrial Trx3
detected by immunoblotting. Fully oxidized and fully reduced proteins are
indicated.
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strain following exposure to hydrogen peroxide conﬁrming that
the mitochondrial pool of glutathione is a target of oxidative stress
caused by the addition of an exogenous oxidant (Fig. 3B). This
oxidation was even more pronounced in the Glr1M1L mutant in-
dicating that the cytosolic GSSG:2GSH redox couple is insufﬁcient
to protect mitochondrial glutathione against oxidation during ex-
posure to exogenously added hydrogen peroxide. Both the cyto-
solic and mitochondrial roGFP2 probes became almost fully oxi-
dized in the glr1 deletion strain conﬁrming that Glr1 is required to
maintain the redox potential of both the cytoplasm and mi-
tochondria during oxidative stress conditions.
We examined the cellular localization of Glr1 to determine
whether it changes in response to oxidative stress. However, ex-
posure of cells to oxidative stress induced by hydrogen peroxide
did not alter the relative concentrations of Glr1 in cytoplasmic and
mitochondrial fractions (Fig. 1A). Similarly, the cytoplasmic loca-
lization of Glr1M1L was unaffected by oxidant exposure. Together,
these data indicate that the cytosolic glutathione pool is in-
sufﬁcient to protect mitochondrial glutathione against oxidation
following exposure to an exogenous oxidant and highlight the
importance of mitochondrial glutathione in oxidant tolerance.
3.4. Independent redox regulation of the mitochondrial glutathione
and thioredoxin systems
Whole cell glutathione assays have shown that loss of cyto-
plasmic thioredoxins (trx1 trx2) results in an increase in total glu-
tathione levels which is thought to act as a compensatory me-
chanism in response to the increased redox load [26]. An increase in
both GSH and GSSG is detected and the redox ratio (GSH:GSSG) is
shifted towards a more oxidized state. We therefore examined
whether loss of the mitochondrial thioredoxin (Trx3) inﬂuences the
mitochondrial glutathione redox state using roGFP2 ﬂuorescent
probes. We ﬁrst examined a mutant lacking cytoplasmic thior-
edoxins (trx1 trx2) and found that OxD values were increased by
approximately two-fold for both the cytoplasmic and mitochondrial
roGFP2 ﬂuorescent probes under fermentative or respiratory con-
ditions (Fig. 4A). In contrast, OxD values were not increased in the
trx3 mutant indicating that the loss of mitochondrial Trx3 does not
impose a redox load on the glutathione system (Fig. 4A).
Loss of GLR1 has previously been reported to have no effect on
the redox state of mitochondrial Trx3 under fermentative or re-
spiratory growth conditions [24]. These studies were performed
using a Myc-tagged version of Trx3 and so we repeated this ana-
lysis here using native Trx3 probed with a Trx3-speciﬁc antibody
to ensure that tagging Trx3 does not inﬂuence its redox state. Cell
extracts were reacted with the thiol-speciﬁc probe 4-acetamido-4′
maleimidyldystilbene-2,2′-disulfonic acid (AMS) which alkylates
Cys residues in a free-SH, but not in an oxidized state. This in-
creases the relative molecular mass of proteins and conﬁrmed that
Trx3 is predominantly present in a reduced form in a wild-type
strain grown under fermentative or respiratory conditions
(Fig. 4B). Loss of GLR1 (glr1 vector) or expression of the Glr1M1L
mutant did not alter the redox state of Trx3. Taken together, these
data indicate that in contrast to the cytoplasmic redox systems, the
redox states of mitochondrial glutathione and Trx3 are maintained
independently and the mitochondrial GSSG:2GSH redox couple
glutathione is unaffected by the loss of the mitochondrial
thioredoxin.
3.5. Mitochondrial thioredoxin provides a back-up antioxidant sys-
tem for the glutathione system during oxidative stress conditions
Although a complete mitochondrial thioredoxin system com-
prising a thioredoxin (Trx3) and a thioredoxin reductase (Trr2) hasbeen identiﬁed in yeast [37], no function in redox regulation or
antioxidant defence has been identiﬁed for Trx3 [24,37]. We have
previously shown that the GSSG:2GSH redox couple is required to
maintain the redox state of Trx3 during oxidative stress conditions
[24]. We therefore constructed mutants lacking GLR1 and TRX3 to
test whether there is a requirement for Trx3 when the GSSG:2GSH
redox couple becomes oxidized. In agreement with previous ob-
servations [24], loss of mitochondrial Trx3 does not signiﬁcantly
affect oxidant sensitivity (Fig. 5, compare glr1 GLR1 with glr1 trx3
GLR1). However, loss of Trx3 exacerbated the sensitivity of the glr1
Fig. 5. The mitochondrial thioredoxin provides a back-up system for the glutathione system during oxidative stress conditions. (A) Sensitivity to oxidative stress was
determined by spotting strains onto SCD media containing various concentrations of hydrogen peroxide or diamide. Results are shown for the glr1 and glr1 trx3 deletion
strains containing empty vector, Glr1 or Glr1M1L following three days growth on 1.2 mM hydrogen peroxide and 0.5 mM diamide. (B) Methionine oxidation was detected in
mitochondrial fractions from the wild-type, glr1, trx3 and glr1 trx3 mutant strains using antibodies that recognize methionine sulphoxide (αMetO). Western blots were
probed with α-Por1 to conﬁrm that similar amounts of protein were loaded into each lane. (C) Lipid peroxidation was detected in mitochondrial fractions from the wild-type,
glr1, trx3 and glr1 trx3mutant strains using an OxiSelect™ TBARS Assay Kit. Data shown are the means of three independent biological repeat experiments7SD. TBARS levels
were signiﬁcantly different in the glr1 trx3 mutant compared with the wild-type strain (npo0.01).
I. Gostimskaya, C.M. Grant / Free Radical Biology and Medicine 94 (2016) 55–65 61mutant containing empty vector or Glr1M1L to both hydrogen
peroxide and diamide stress. This suggests that Trx3 can act as a
back-up antioxidant to promote oxidant tolerance, under condi-
tions where mitochondrial glutathione becomes oxidized.
The possible antioxidant function of Trx3 is currently unknown.
Yeast contains a mitochondrial 1-Cys-peroxiredoxin (Prx1) which
is active as a peroxidase and can protect cells against hydrogen
peroxide stress [38]. However, whilst Trx3 can support the per-
oxidase activity of Prx1 in vitro [38,39], Trx3 does not appear to
support the antioxidant activity of Prx1 in vivo [39]. We therefore
examined markers of oxidative damage in glr1 and trx3 mutant
strains to conﬁrm whether Trx3 has an antioxidant function. Allamino acids are potential targets for oxidation, but methionine
residues are particularly sensitive forming methionine sulphoxide
(MetO) in cells [40]. We used an anti-MetO antibody to detect
methionine oxidation in mitochondrial extracts from glr1 and trx3
mutants. We found that the levels of mitochondrial MetO are
comparable in wild-type, glr1 and trx3 mutants. In contrast, mi-
tochondrial MetO concentrations were elevated in the glr1 trx3
double mutant (Fig. 5B). Malondialdehyde (MDA) is a reactive al-
dehyde which is often used as a measure of lipid peroxidation in
cells [41]. The levels of mitochondrial MDA are comparable in
wild-type, glr1 and trx3 mutants, whereas, they were elevated
two-fold in the glr1 trx3 double mutant (Fig. 5C). These data
Fig. 6. The mitochondrial glutathione and thioredoxin systems play an overlapping
role in maintaining longevity. (A–C) Chronological lifespan of the indicated strains
was determined by propidium iodide (PI) staining and ﬂow cytometry analysis.
Data represent the percentage of live cells in stationary phase cultures relative to
day zero.
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but appears to predominantly act as a back-up system for the
mitochondrial glutathione system.
3.6. The mitochondrial glutathione and thioredoxin systems play an
overlapping role in maintaining longevity
There are many established links between oxidative stress and
ageing, and for example, ROS may play a causal role in cellular
decline during ageing [42]. Yeast cells can survive for prolonged
periods of time in culture and have been used as a model of the
chronological life span (CLS) of mammals, particularly for tissues
composed of non-dividing populations. Studies using this modelhave identiﬁed many key conserved ageing factors that modulate
ageing [43]. In the CLS model, populations of stationary phase cells
are maintained in liquid and viability measured over time. We
examined CLS to determine whether the mitochondrial thiol-re-
dox systems are required to maintain longevity. Loss of GLR1 re-
sulted in a modest decrease in viability during stationary phase,
although maximal CLS (16 days) was unaffected relative to the
CLS of wild-type and trx3 mutant strains (Fig. 6A). In contrast, si-
multaneous loss of GLR1 and TRX3 signiﬁcantly decreased CLS
suggesting that the glutathione and mitochondrial thioredoxin
systems are required for maximal longevity (Fig. 6A). CLS appears
to require the complete mitochondrial thioredoxin system since a
similar reduction in longevity was observed in a mutant lacking
both GLR1 and TRR2 (Fig. 6A). We further tested the requirement
for Glr1 and Trx3 by re-introduction of Glr1 into the glr1 (Fig. 6B)
or glr1 trx3 (Fig. 6C) mutants. Re-introduction of Glr1 into the glr1
trx3 mutant restored its pattern of stationary phase survival and
CLS comparable to that of the wild-type strain (compare glr1 Glr1
with glr1 trx3 Glr1, Fig. 6B and C). However, the Glr1M1L mutant
only partially restored stationary phase survival and CLS indicating
that the mitochondrial GSSG:2GSH redox couple and thioredoxin
systems play an overlapping role in maintaining longevity
(Fig. 6C).4. Discussion
Mitochondria are a primary source of ROS in cells. Mitochon-
drial thiols are therefore major ROS targets and this is exacerbated
by the relatively alkaline pH of mitochondria. Hence, redox reg-
ulation is critical for numerous mitochondrial functions. For ex-
ample, GSH deﬁciency in mammalian cells leads to widespread
mitochondrial damage [44] and yeast strains lacking GSH are
unable to grow by respiration due to an accumulation of oxidative
damage to mitochondrial DNA [8,45]. Glutathione is synthesized in
the cytosol and must be transported into mitochondria via an
active energy requiring process [46]. The resulting oxidized GSSG
is unable to exit this compartment and is reduced by glutathione
reductase [47]. It has been difﬁcult to test the mitochondrial re-
quirement for GSH due to a lack of methodology to speciﬁcally
deplete mitochondrial GSH. We therefore examined a yeast mu-
tant lacking mitochondrial glutathione reductase to determine the
requirement for the mitochondrial GSSG:2GSH redox couple. It has
long been known that yeast mutants deleted for GLR1 accumulate
increased levels of GSSG and are sensitive to oxidative stress
[21,36]. We show here that it is the loss of mitochondrial Glr1
which speciﬁcally accounts for this sensitivity. Our data indicate
that mitochondrial glutathione is crucial for mitochondrial thiol-
redox regulation and the mitochondrial thioredoxin system ap-
pears to provide a back-up system during oxidative stress condi-
tions, but cannot bear the redox load of the mitochondria on its
own.
Previous studies have emphasized the role of glutathione in
iron metabolism [5]. However, these studies were performed un-
der conditions of glutathione starvation, a condition which is le-
thal in cells. Under these conditions, GSH is limiting for iron sul-
phur cluster formation resulting in an iron starvation response. We
did not detect any iron starvation response in a glr1 mutant using
an Aft1-responsive reporter construct, which is strongly induced
in response to glutathione depletion. Glutathione depletion is
thought to signal iron starvation due to its function in iron sulphur
cluster maturation and mitochondrial export [34]. Loss of GLR1
does not alter the cellular concentration of GSH, but shifts the
glutathione redox ratio (GSH:GSSG) to a more oxidized state
[36,48]. Previous studies have shown that the steady state con-
centration of mitochondrial glutathione is approximately 20 nmol/
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tosol [22,39]. Importantly, the amounts of mitochondrial and cy-
tosolic glutathione (GSHþGSSG) are similar in the wild-type and
glr1 mutant strains [22]. Whilst total glutathione levels are un-
affected, the glr1 mutant has a much greater percentage of oxi-
dized glutathione in both the cytosol and the mitochondria com-
pared with a wild-type strain. Hence, there appears to be sufﬁcient
GSH available in a glr1 mutant to maintain iron sulphur cluster
assembly, which is proposed to only require trace amounts [5].
Despite not affecting iron metabolism, mitochondrial glutathione
is particularly important for yeast growth since higher con-
centrations of glutathione are required to rescue a gsh1 Glr1M1L
mutant compared with a gsh1 GLR1 mutant. This emphasizes the
particular importance of the mitochondrial GSSG:2GSH redox
couple for cell growth and oxidant tolerance, since the cytoplasmic
GSSG:2GSH redox couple is maintained at wild-type levels in the
Glr1M1L mutant.
Transport of hydrogen peroxide across cell membranes can be
facilitated by transporters such as aquaporins, but once inside cells
it should be freely diffusible [49]. Hydrogen peroxide causes oxi-
dative stress, but also plays important roles as a signalling mole-
cule in the regulation of many biological processes [50]. We found
that the cytosolic roGFP2 probe was similarly oxidized in response
to hydrogen peroxide addition in both the wild-type and GlrM1L
mutant suggesting that similar cytosolic redox environments are
maintained in these strains. The fact that the mitochondrial
roGFP2 probe becomes more oxidized in a mutant lacking mi-
tochondrial Glr1 suggests that the cytosolic pool of glutathione is
insufﬁcient to protect mitochondria against oxidation following
exposure to an exogenous oxidant. It is unclear whether oxidant
sensitivity and mitochondrial glutathione oxidation in a glr1 mu-
tant is caused by loss of an antioxidant activity which is normally
mediated by glutathione. For example, mitochondrial glutaredoxin
(Grx2) and peroxiredoxin (Prx1) require glutathione for their an-
tioxidant activities [39,51,52]. Glutathione oxidation may also re-
ﬂect the activity of glutathione itself as an antioxidant. Glutathione
has been suggested to act as an antioxidant which can directly
scavenge ROS such as the hydroxyl radical [53,54], although this
has been challenged and the redox function of glutathione may
require enzymes [55]. Alternatively, the oxidant sensitivity of a
glr1 mutant might arise due to a general loss of mitochondrial
thiol redox regulation, and non-speciﬁc oxidation of reactive cy-
steine residues in mitochondrial proteins.
Extensive overlaps have been reported between the yeast
thioredoxin and glutathione systems [13,56]. For example, in-
creased glutathione levels are observed in the absence of cyto-
plasmic Trx1 and Trx2 which is thought to act as a compensatory
mechanism in response to the increased redox load in this mutant
[26]. Both GSH and GSSG are increased, shifting the cellular glu-
tathione redox balance to a more oxidized state. These studies
were performed using whole cell extracts, rather than compart-
ment-speciﬁc measurements. We found here that both the cyto-
plasmic and mitochondrial roGFP2 ﬂuorescent probes are more
oxidized in a trx1 trx2 mutant, whereas there is no signiﬁcant al-
teration in a trx3 mutant. It is surprising that the mitochondrial
glutathione pool is oxidized in a trx1 trx2 mutant since previous
studies using GFP-based redox sensors have suggested that the
glutathione pools in the cytosol and mitochondrial matrix are not
linked [20,28]. Hence there must be some previously unrecognized
cross-talk between the cytoplasmic thioredoxin system and the
mitochondrial glutathione system. Conversely, shifting the glu-
tathione pool to a more oxidized form in the glr1 mutant does not
affect the redox state of cytoplasmic thioredoxins (Trx1, Tx2), and
thioredoxin oxidation is only detected in response to severe glu-
tathione depletion [26,57]. This independent redox regulation of
the cytoplasmic thioredoxins is thought to ensure the survival ofcells under conditions where the cytoplasmic pool of glutathione
is oxidized [26].
Loss of mitochondrial TRX3 does not alter the redox state of the
cytosolic or mitochondrial roGFP2 ﬂuorescent probes suggesting
that loss of the mitochondrial thioredoxin does not impose a redox
load on the glutathione system. Mitochondrial thioredoxin is
however, known to be more reliant on the glutathione redox
couple. Unlike cytoplasmic thioredoxins, the redox state of mi-
tochondrial Trx3 is buffered by the GSSG:2GSH redox couple under
oxidative stress conditions [24]. Oxidized Trx3 is not detected in a
mutant lacking thioredoxin reductase (trr2), but is accumulated in
a trr2 glr1 double mutant under both fermentative and respiratory
growth conditions [24]. This suggests that mitochondrial thior-
edoxin function can be regulated by the glutathione system. No
cellular requirement for the yeast mitochondrial Trx3 has pre-
viously been reported since it is dispensable for growth under
normal and oxidative stress conditions [37]. This is surprising
since mammalian mitochondrial Trx2 is required for normal de-
velopment of the mouse embryo and lack of Trx2 results in em-
bryonic lethality [58]. Our current data indicate that Trx3 is re-
quired as an antioxidant in the absence of GLR1, since the oxidant
sensitivity of a glr1 mutant is exacerbated in the absence of TRX3
and markers of oxidant damage including MetO and MDA accu-
mulate in a glr1 trx3 double mutant. We therefore suggest that
mitochondrial Trx3 plays an ancillary or back-up role for mi-
tochondrial glutathione, perhaps under stress or growth condi-
tions where mitochondrial glutathione is oxidized.
It was originally reported that Trx3 is the physiological electron
donor for mitochondrial Prx1, which is unexpected since 1-Cys
Prx’s are not thought to form a disulphide which could act as a
substrate for thioredoxin [38]. In vitro assays have conﬁrmed that
Trx3 and Trr2 can support Prx1 activity with hydrogen peroxide as
a substrate suggesting that Trx3 can directly reduce the sulphenic
acid form of the Prx1 peroxidatic cysteine residue [39]. Similarly,
recent evidence has suggested that Trx3 can deglutathionylate a
mixed disulphide formed between Prx1 and GSH [52]. Although
Trx3 does not appear to support Prx1 activity in vivo, it may
therefore function to reduce the sulphenic acid or mixed dis-
ulphide intermediates formed in other thiol containing proteins.
This does not appear to be a major function in oxidative stress
defence since our current data indicate that Trx3 is only required
for oxidant tolerance in the absence of mitochondrial Glr1. Inter-
estingly, our data indicate that mitochondrial glutathione and Trx3
appear to play a redundant role in longevity. Loss of GLR1 or TRX3
alone does not signiﬁcantly alter chronological lifespan. However,
in a glr1 trx3 double mutant longevity is signiﬁcantly reduced. The
role of Trx3 in CLS appears to require a complete mitochondrial
thioredoxin system since a similar defect in CLS is observed in a
glr1 trr2 mutant. This is the ﬁrst time a thioredoxin system-de-
pendent phenotype has been described for Trx3 since the only
other reported phenotypes have been detected in a trr2 mutant
and not a trx3 mutant [24,37].5. Conclusions
Thiol redox regulation plays a long-recognized role in the re-
sponse of cells to oxidative stress conditions. Our current data
emphasize the importance of compartmentalized redox regulation
when cells are subjected to oxidative stress conditions. Whilst
cytosolic glutathione represents the ﬁrst major pool of thiols
which would be a target of oxidation in response to exposure to an
exogenous oxidant, it is the mitochondrial glutathione pool which
is crucial for oxidant tolerance.
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